Abstract Refractive laser surgery has become one of the most successful and commonly performed elective ophthalmic procedures. Since the introduction of photorefractive keratectomy, followed closely by the advent of laser in situ keratomileusis, the field of laser refractive surgery has continued to rapidly evolve. Surgical techniques are constantly refined to improve patient outcomes and minimize complications, and technology continues to advance to provide more precise and customizable treatment options. New applications of refractive procedures continually emerge in the literature. Breakthroughs in the field have led to novel applications of refractive procedures that may offer options to patients that previously had been considered poor surgical candidates. It is important for the clinician to maintain awareness of the current trends and new developments in refractive surgery to provide appropriate counseling and treatment for their patients.
Introduction
Permanent correction of myopic, hyperopic, and astigmatic refractive errors has long been a goal of ophthalmic care. Spectacles and contact lenses provide effective temporary correction. Both have functional limitations, such as problems encountered when engaging in sports, the inconvenience of carrying contact lens solutions and storage containers, and the significant disability that results in the event of loss or damage to these vision aids. Contact lens use is not without danger and can lead to increased risk of visionthreatening corneal infections [1, 2] . The advent of refractive laser surgery has offered solutions for patients interested in decreasing dependence on glasses and contact lenses.
Laser refractive surgery was first introduced in the late 1980s with the development and refinement of the ophthalmic excimer laser [3, 4] . Photorefractive keratectomy (PRK) was the first laser technique used to treat myopia with a high degree of success [4] . In response to the perceived shortcomings of PRK, including post-operative pain and extended recovery time, laser in situ keratomileusis (LASIK) was introduced [5] . LASIK quickly increased in popularity and surpassed PRK as the predominant form of refractive surgery in the late 1990s, a trend that continues to this day [6] . Other forms of surface ablation have been developed in subsequent years, including laser-assisted subepithelial keratectomy (LASEK) and epipolis-LASIK (epi-LASIK) among other variations [7] . Each technique has its own advantages and disadvantages.
The goal of all laser refractive procedures is the correction of refractive errors, including myopia, hyperopia, and astigmatism. Myopia is the most common form of refractive error and is generally caused by either an increase in the eye's axial length or too much refractive power in the cornea and lens apparatus. The end result is light from the object of interest focused anterior to the retina. Hyperopia results from decreased axial length or too little refractive power, causing focus of light rays at a point posterior to the retina. Astigmatism is due to irregularity in the curvature of the cornea or lens and causes image blur. Refractive laser surgery utilizing surface ablation or LASIK seeks to correct these deficiencies by either flattening or steepening certain meridians of the cornea. Surface ablation techniques such as PRK utilize the excimer laser to remove portions of the surface of the cornea through a process called ablative photodecomposition, wherein high-energy photons from the laser break molecular bonds causing ejection of material [8] . The same process is used to reshape the cornea in LASIK, but ablation occurs deeper in the stroma after a flap creation and mobilization.
Both surface ablation and LASIK have a high degree of safety and efficacy, but few extensive randomized controlled studies have been conducted comparing their use [9, 10] . Accurate comparisons are often difficult because rapidly evolving technology and techniques create widespread fragmentation in performance of the procedures among practitioners. It is the objective of this review to provide an overview of recent literature comparing the safety and efficacy of LASIK and surface ablation techniques. It also seems appropriate to examine evolving technologies and surgical techniques along with novel applications and uses of refractive surgery.
Surface Ablation
Photorefractive Keratectomy (PRK) Photorefractive keratectomy has the longest history and is for many the most familiar of the surface ablation procedures. In photorefractive keratectomy, mechanical removal of the corneal epithelium precedes ablation of Bowman's layer and the anterior corneal stroma using an excimer laser. Complications such as refractive regression and corneal haze are a consequence of epithelial and stromal regeneration [11, 12] . Indications for PRK include low to moderately high myopia and hyperopia with and without astigmatism. Due the rising popularity of LASIK, PRK is more often reserved for patients with thin corneas, irregular astigmatism, dry eye syndrome, or increased likelihood of eye trauma [13] . Absolute contraindications typically include unstable refraction, keratoconus, active infection, intraocular inflammation and uncontrolled glaucoma [14] . Unique to PRK are concerns about postoperative pain and slower visual recovery [9] .
One of the most influential factors on the decreased utilization of PRK is concern for post-operative corneal haze. The introduction of mitomycin c (MMC) 0.2 % has gone a long way in alleviating this concern. MMC is a DNA-cross-linking agent that inhibits DNA synthesis and induces apoptosis. Originally introduced as a chemotherapy agent, its ophthalmic applications include glaucoma and refractive procedures. The proposed mechanism by which MMC reduces haze is inhibition of myofibroblast transformation [15] . A meta-analysis comparing surface ablation for myopia with mitomycin c 0.2 % and without found significantly less haze in PRK patients treated with intraoperative MMC [16 •• ] . Though MMC has been found to be effective in decreasing the incidence of corneal haze, optimal treatment protocols and long term safety still need to be addressed [17 • ].
LASEK
A drive for improvement in existing surface ablation techniques led to the development of laser subepithelial keratomileusis [18] . The technique uses dilute alcohol and a trephine to loosen and then remove a replaceable flap of epithelium. Ablation is performed and the flap is returned and centered over the cornea. In theory, the use of LASEK leads to less pain, less haze, and faster visual recovery when judged against traditional PRK [16] . The validity of these advantages has since been brought into question [19] [20] [21] [22] .
Epi-LASIK
Due to concerns about the toxicity of alcohol to the corneal endothelium, a hybrid technique called epithelial laserassisted in situ keratomileusis was introduced by Pallikaris in 2003 [23] . It involves the use of an epikeratome to separate the epithelium from the underlying stroma and create a flap before ablation. Ideally, Epi-LASIK produces less pain, less endothelial toxicity, and increased protection of the underlying corneal stroma when the flap is replaced.
Laser In Situ Keritomileusis (LASIK)
Theorizing that many of the complications surrounding PRK had to do with destruction and consequent healing of corneal epithelium, the search for an alternative to surface ablation lead to the introduction of LASIK [3] . The primary difference between PRK and LASIK is the creation of a partial thickness lamellar corneal flap cut with a microkeratome or femtosecond laser. Traditionally, the depth of the cut has been down to mid-stroma below Bowman's layer with a thickness between 130 lm and 160 lm. The excimer laser is applied to the stroma after lifting the flap. The flap is then replaced and stabilizes due to natural adherence caused by endothelial pump dehydration. Although refractive regression can occur in a similar method to PRK, it is usually to a lesser extent [24] . LASIK trials began in the United States in 1996, and the procedure gained approval in 1999. Indications for LASIK include low to high myopia and hyperopia with and without astigmatism. Contraindications for the procedure are similar to PRK, with greater attention paid to corneal thickness, evidence of ectatic disease, and increased potential for eye trauma.
Femtosecond LASIK When LASIK was first introduced, one of the most critical steps, flap creation, was performed with a mechanical microkeratome. More recently, femtosecond laser technology has become an increasingly popular alternative. A focused infrared laser delivers ultrafast pulses of 100-femtosecond duration, generating microplasma and forming microscopic gas bubbles to create a flap. The first femtosecond laser for refractive surgery was introduced in 2001. The growth in its use has led to the development of multiple laser platforms for LASIK flap creation. A metaanalysis by Chen et al. evaluated safety, efficacy, and predictability of the IntraLase (Abbott Medical Optics) versus the mechanical microkeratome in myopic LASIK. The authors found no significant differences in safety or efficacy between the two methods, but did find that the femtosecond laser produced a more predictable flap thickness than the microkeratome [25
LASIK versus Surface Ablation: Safety, Efficacy, Complications
One of the greatest difficulties in comparing surface ablation and LASIK arises from the constant of evolution of techniques and technology in the field of laser refractive surgery. Though there exist a plethora of studies comparing surface ablation and LASIK, there are a limited number of randomized controlled trials comparing these techniques. The utility of these available studies is limited by the use of older laser technologies and techniques.
A Cochrane review of visual outcomes and complications analyzed available randomized controlled trials comparing PRK and LASIK in the treatment of myopia and myopic astigmatism. The reviewers found that: (1) final uncorrected visual acuity was comparable between procedures, (2) visual recovery with LASIK was faster than PRK, (3) the accuracy of each procedure was comparable (no-differences in post-operative refractions), (4) the risk of loss of two or more lines of best corrected visual acuity in LASIK may be less than PRK [26] . Several studies have evaluated wavefront-guided ablations in LASIK and PRK. These studies again revealed faster visual recovery with LASIK than PRK, but at later follow up visits there were no significant differences in efficacy, safety, or predictability between LASIK and PRK [27] [28] [29] .
A recent Cochrane review of visual outcomes and complications analyzed available randomized controlled trials comparing PRK and LASIK in the treatment of hyperopia and hyperopic astigmatism [10] . The authors found no randomized clinical trials for analysis. Analysis of the excluded studies revealed a general agreement that PRK and LASIK had similar efficacy, safety, and stability of post-operative refractions but concluded additional well-planned, large, high-quality randomized controlled trials were needed.
New Developments and Novel Applications
Wavefront-Guided and Wavefront-Optimized Laser Refractive Surgery
The introduction of wavefront technology has enabled refractive surgeons to address not only lower-order aberrations (sphere and cylinder) but also higher-order aberrations (coma, trefoil, spherical aberration). In a normal eye, higherorder aberrations have minimal impact on the quality of vision. However, in special cases (such as after refractive surgery) higher-order aberrations can significantly alter visual quality. Wavefront sensors allow evaluation of the scattering of light rays as they pass from the fovea outward through the cornea and crystalline lens or from a distant point source of light inward through the optical elements of the eye [30] . Wavefront-guided ablations attempt to decrease the induction of additional wavefront errors, resulting in a potential increase in contrast sensitivity compared to conventional treatments [31, 32] . Wavefront-optimized ablations attempt to minimize the induction of higher-order aberrations, specifically spherical aberration, by maintaining a more prolate corneal shape with an aspheric ablation profile [33 • ]. Further investigations are necessary to determine the overall effect of correcting higher-order aberrations on visual quality and criteria for selection of patients who would most benefit from such treatments.
Corneal Collagen Cross-Linking
Corneal collagen cross-linking (CXL) has recently been proposed as a treatment for patients with keratoconus and as a method to stabilize the cornea in refractive surgery. CXL is based on the theory that exposing materials and chemicals to UV light can often strengthen them through the induction of cross-linking [34] . The exact mechanism by which the crosslinking and subsequent strengthening of the cornea is not well understood; it appears to be facilitated, at least to some extent, by oxidative mechanisms associated with hydroxyl radical release. It is interesting to note that a similar process using glycosylation-mediated cross-linking occurs naturally with aging and in individuals diagnosed with diabetes [35, 36] . Researchers at the Technical University of Dresden in Germany developed the first procedure using riboflavin and 370-nm UVA irradiation to induce cross-linking in the stroma of corneas [37] .
Collagen cross-linking treatment of the cornea is performed after mechanical epithelial debridement so that the riboflavin is able to penetrate the stroma to an acceptable depth [38] . The riboflavin is important not only to help modify the collagen, but also to protect the sensitive endothelial cells at the back of the cornea from damaging UVA radiation [39] . Preoperative topical anesthetic is applied and followed by the instillation of 0.1 % riboflavin solution every 2-5 min for 30 min. Depth of penetration is verified, and an area 9.0 mm in diameter at the center of the cornea is irradiated with 370 nm wavelength UVA light for 30 min, while riboflavin continues to be administered every 2-3 min. Postoperative treatment includes topical steroids, antibiotic drops, and a bandage contact lens application [40] .
Recent interest is directed at modifying and improving upon the methods mentioned above. Protocols in which the epithelial layer is left intact are attracting great interest, since this would hopefully facilitate a faster recovery, reduce pain, and decrease chances for infection and corneal haze [41, 42] . A recent case study and case series have been conducted testing the effectiveness of CXL combined with topography-guided PRK on patients with post-LASIK keratectasia, with mostly positive results that seem to demonstrate a halting or even reversal of the disease process [43, 44] . A different trial studied 20 eyes treated with CXL after diagnosis of post-LASIK corneal ectasia [45] . The patients were followed at intervals for 1 year, and the study concluded that CXL does show long-term stability of LASIK-related ectasia with very few side effects.
Work is also being done by Kanellopoulos to look at the effect of prophylactic CXL treatment conducted at the same time as LASIK in high-myopic eyes [46] . The 23 patients in this study have shown stable visual acuity and no signs of ectasia at a mean follow up of 3.5 years. At the same time, it was noted in a recent review by Suri [40] that CXL is not without possible adverse effects including corneal haze, keratitis, loss of visual acuity, and most importantly endothelial damage. Recent case reports have reinforced these concerns with links between CXL and endothelial failure and corneal edema [47, 48] .
Given the novel nature of this process and the difficulty of judging the effectiveness by means other than clinical progression, a method to directly measure the physical changes on the cornea would be very useful. Researchers in France have used supersonic shear wave imaging in ex vivo and in vivo porcine eyes to measure corneal stiffness after treatment with CXL [49] . The results thus far are promising and could provide a way to not only monitor the effect of CXL but also give important information preoperatively for refractive procedures in general. Another technology that shows promise in gauging the effect of CXL on corneal biomechanics is the ocular response analyzer (Reichert Inc.)
The ocular response analyzer measures several biomechanical properties of the cornea including corneal hysteresis (CR) and corneal resistance factor (CRF). Studies attempting to gauge the effects of CXL on CH and CRF have been inconclusive, but further investigations are necessary [50, 51] .
Corneal collagen cross-linking continues to be an exciting area of both research and development. with much work being done domestically and internationally to refine and test its use. It may eventually not only offer a therapy for post-LASIK ectasia. but may also broaden the patient base that is currently ineligible for refractive surgery due to thin corneas.
Pediatrics
Traditionally, pediatric patients are thought of as poor candidates for refractive surgery. Not only do many of them require general anesthetic for the procedure. but the outcomes are greatly influenced by difficultly with followup care and natural changes in refractive error with growth and development [52] . The majority of children are effectively treated with spectacles or contact lenses when severe anisometropia or isoametropia threatens to cause refractive amblyopia. These methods of treatment are not always possible though, especially when patients suffer from social or behavioral complications. When all other options have been exhausted, refractive surgery may be the only solution.
In a recent article published in the Journal of American Association for Pediatric Ophthalmology and Strabismus, Dr. Paysse [53] and his colleagues offer an excellent overview of recent advances in pediatric refractive surgery, indications, and treatment protocols. The three groups that they single out as special candidates for treatment include children with severe isoametropia and neurobehavioral problems that result in intolerance to traditional care, children with significant anisometropia who are also noncompliant, and finally children with either of the previous disorders whose anatomical abnormalities prevent correction with spectacles or contact lenses. Despite the results of several literature reviews indicating relatively little difference in the effectiveness between surface ablation and LASIK [52, 54 •• , 55, 56], Paysse indicates a preference for PRK due to its ''lower risk profile.'' It makes sense that in young children there would be an increased theoretical risk of flap complications due to eye rubbing and trauma. Paysse also believes that the corneal haze previously reported as the main complication of refractive surgery can be managed with proper follow-up care [57] .
It is interesting to consider that research now being done on adults to utilize the novel advantages of corneal crosslinking might someday be used to help stabilize refractive surgery done on children. Work that has been done using CXL in patients with keratoconus seems to support this idea since younger patients, including those of pediatric age, had a better ''functional response'' [58] . Controversies involving which method of refractive surgery is best along with how early these treatments should be initiated certainly demands more long term prospective multicenter studies. The exciting aspect of this work with children is that the improvement of visual acuity has far reaching effects on both social and intellectual development.
Pregnancy
A well-known consequence of pregnancy is the myriad of physiological alterations that occur throughout the body, including changes to the eyes. These changes have been well documented and include refractive fluctuations, contact lens intolerance, and deterioration of chronic eye conditions such as diabetic retinopathy [59, 60] . Increased corneal haze and myopic regression have been reported in patients who have recently undergone PRK [61] . Recent work has demonstrated significant changes in the cylinder and spherical equivalents in women through their first two trimesters of pregnancy [62] . This research group then went on to theorize that the hormonally caused changes may biomechanically weaken the LASIK-treated cornea, leading to refractive regression. Cases of post-LASIK ectasia exacerbated or caused by pregnancy have also been reported [63, 64] . It is therefore strongly recommend that patients who may become pregnant are well informed about the effect it might have on their surgery and are encouraged to wait several months after pregnancy before considering refractive treatment.
Laser Refractive Surgery Following Corneal Transplantation
Penetrating Keratoplasty (PKP) Penetrating keratoplasty involves the replacement of the host cornea with a full-thickness donor. Due to the nature of the procedure, unpredictable refractive results are common. High spherocylindrical refractive errors commonly result in significant ammetropia and aniseikonia. Though some patients are able to tolerate hard contact lenses and glasses, in many cases a more definitive and permanent solution is desired.
The role of PRK and LASIK in the treatment of refractive errors following PKP has been evaluated. There have been reports of increased incidence of stromal haze, unpredictable refractive results, and photoablation-induced graft rejection with PRK [65] [66] [67] [68] [69] Recent interest has focused on the role of LASIK in the management of refractive errors in the PKP patient.
Descemet Stripping Automated Endothelial Keratoplasty (DSEK/DSAEK) Descemet stripping automated endothelial keratoplasty has become the treatment of choice for corneal endothelial diseases. The procedure allows the selective replacement of diseased host epithelium and provides more rapid visual rehabilitation, minimizes surgically induced astigmatism, allows for greater structural integrity, and more predictable refractive outcomes when compared to traditional penetrating keratoplasty [70] [71] [72] .
The addition of a lamellar graft to the posterior surface of the cornea has been shown to affect optical characteristics post-operatively, resulting in significant hyperopic shift. Following in the footsteps of surgeons who utilized refractive laser surgery for the treatment of refractive error in PK patients, clinicians have employed LASIK in the treatment of hyperopic shift following DSAEK [73] [74] [75] [76] . A study by Ratanasit and Gorovoy evaluated outcomes of LASIK and PRK in 5 pseudophakic patients following DSEK [77] . All patients experienced an improvement in uncorrected visual acuity following laser refractive surgery without complications. Fung et al. reported a case of femtosecond LASIK in the treatment of hyperopia subsequent to DSAEK in a 66-year-old female. Uncorrected visual acuity (UCVA) improved from 20/120 prior to wavefront guided LASIK to UCVA of 20/20 post procedure.
Though these findings are promising, care should continue to be exercised in the selection of patients for refractive laser surgery following DSAEK. Screening these patients for ectasia and determining safety may be confused by decreased reliability in the measurement of corneal parameters following DSAEK. Cornea thickness may be affected by variable graft thickness due to preparation techniques, a non-uniform thickness gradient from graft center to periphery, decentration of the lenticule during cutting, and failure to center the graft on the visual axis [78] . These factors may limit evaluation to the anterior corneal surface which may be insufficient to rule out potential risk for ectasia.
Conclusions
The field of laser refractive surgery continues to develop at a rapid pace. The last decade has witnessed the introduction of the femtosecond laser, wavefront-guided ablation, and mitomycin c, among others. Millions of individuals have enjoyed decreased dependence on glasses and contacts lenses as a result of surface ablation and LASIK procedures. New techniques and technologies will continue to drive advances, resulting in safer and more effective procedures, and opening these treatments to patient populations previously deemed ineligible. Laser refractive procedures are already being implemented in the treatment of keratoconus, following endothelial and penetrating keratoplasty, and even in the pediatric population. As technologies and techniques continue to improve, laser refractive surgery will see even wider implementation to meet the broad range of visual requirements specific to individual patients.
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